Neonatal hypoxia-ischemia (HI) is an important cause of neurological deficits in humans, and the Levine-Rice model of experimental HI in the rat mimics the human brain lesion and the following sensory motor deficits and cognitive disabilities. With the growing evidence that sex influences all levels of brain functions, this Mini-Review highlights studies in which sex was a controlled variable and that provided evidence of sexual dimorphism in behavioral outcome, extension of brain damage, mechanisms of lesion, and treatment efficacy in the rat neonatal HI model. It was shown that 1) females have greater memory deficits; 2) cell death is dependent mainly on caspase activation in females; 3) males are more susceptible to oxidative stress; and 4) treatments acting on distinct cell death pathways afford sex-dependent neuroprotection. These tentative conclusions, along with growing evidence from other fields of neurobiology, support the need for scientists to design their experiments considering sex as an important variable; otherwise, important knowledge will continue to be missed. It is conceivable that sex can influence the development of efficacious therapeutic tools to treat neonates suffering from brain HI. V C 2016 Wiley Periodicals, Inc.
Neonatal hypoxia-ischemia (HI) is an important cause of neurological deficits in humans. Mild insults are associated with attention deficit-hyperactivity syndrome and minimal brain disorders (Volpe, 2001) , whereas severe cases may lead to spasticity, epilepsy, and mental retardation (Hill, 1991 , Volpe, 2001 ). The Levine model, as adapted by Rice and colleagues (1981) , is a useful tool for the study of experimental HI in the rat; it mimics the human brain lesion (Rice et al., 1981) and the sensory motor deficits and cognitive disabilities, such as hyperactivity, spatial long-term reference and working memories, and aversive memory impairments (Jansen and Low, 1996; Pereira et al., 2007; Arteni et al., 2010) .
The model consists of the association of unilateral occlusion of one of the common carotid arteries with the exposure to a hypoxic atmosphere (generally 8% oxygen) to produce unilateral brain damage. Our research group has investigated the mechanisms of HI brain lesion and the efficacy of experimental treatments and was the first SIGNIFICANCE Neonatal hypoxia-ischemia (HI) is an important cause of neurological deficits in humans and the rat model mimics brain lesion and dysfunction. Given the growing evidence that sex influences brain structure and function, this Mini-Review discusses data on sexual dimorphism on experimental neonatal HI. It has been shown that behavioral outcome, extent of brain lesion, and mechanisms of cell death present sex differences and that, although caution should be exercised in translation to clinical practice, sex-specific efficacious treatments for HI are conceivable. to show a sex dimorphic pattern in the neuroprotective effects of early enriched housing (Pereira et al., 2008) , following previous evidence of sex differences in neuroprotection after neonatal HI Nijboer et al., 2007a) . Later studies revealed clear sex-dependent behavioral, morphological (Arteni et al., 2010; Sanches et al., 2013a Sanches et al., , 2015 , and molecular (Weis et al., 2011 ) HI effects.
To contribute the recent concept that sex influences all levels of brain functions (Jazin and Cahill, 2010; Cahill and Aswad, 2015) , this Mini-Review highlights studies in which sex was a controlled variable and provides evidence of sexual dimorphism in behavioral outcome, extension of brain damage, mechanisms of lesion, and treatment efficacy in the rat neonatal HI model. The selection of studies on sex differences in neonatal HI was run in the PubMed database, as follows: (((((((hypoxia ischemia) OR hypoxic ischemic)))) AND (((((mouse) OR mice) OR rat) OR rats))))) AND (((neonatal) OR perinatal) OR immature)) AND (((((((((((((((((((((Characteristic, Sex) OR Characteristics, Sex) OR Sex Characteristic) OR Sex Differences) OR Difference, Sex) OR Differences, Sex) OR Sex Difference) OR Sex Dimorphism) OR Dimorphism, Sex) OR Dimorphism, Sex) OR Sex Dimorphisms) OR sex-dependent) OR sex-specific) OR gender)). The search returned 72 articles, from which 44 used the Levine-Rice model; these were included in present Mini-Review and are listed in Table I .
SEX DIFFERENCES IN BEHAVIORAL
OUTCOME AND SEVERITY OF BRAIN LESION Animals subjected to neonatal HI exhibit functional impairments in several domains, such as neurodevelopment, sensory motor responses, anxiety, and memory (Volpe, 2009a) . Sex-specific responses have certainly been overlooked, considering the small number of articles on this topic; this section presents data available so far (summarized in Fig. 1 ).
Neurodevelopment and Sensory Motor Function Do Not Show Clear Sexual Dimorphism
The developmental delay of physical characteristics, i.e., eye opening, ear unfolding, and incisor eruption, along with neurological reflexes, such as cliff aversion, gait, grasp, and limb placing, seem to be dependent on the severity of the injury and independent of sex (Ashwal et al., 2014; Huang et al., 2015; Nie et al., 2016) . Motor skills in males appear to be more vulnerable to HI in the negative geotaxis test (Huang et al., 2015; Waddell et al., 2016) . However, results of the righting reflex test are somehow conflicting, with some reporting that HI females (Peterson et al., 2015) and others that HI males are more impaired compared with control (Huang et al., 2015) .
Sensorimotor assessment during the juvenile period and adulthood in animals receiving HI displays significant sex differences. Males require more time to recognize sensory stimuli from the contralateral forepaw in the adhesive-removal test (Peterson et al., 2015) . In the footprints and wire-suspension tests, HI males have shorter step length and toe distance in the contralateral limbs (Huang et al., 2015) and are less successful at grasping the dowel with hindlimbs and hanging on it . With regard to balance and motor coordination deficits in the rota-rod task, some authors have found no significant differences between males and females after the HI insult (Pimentel-Coelho et al., 2013 Uluc et al., 2013; Gillani et al., 2014 Gillani et al., , 2015 Peterson et al., 2015) . Nevertheless, HI males did not exhibit significant improvement in sensorimotor behavioral tests after different neuroprotective treatments compared with HI females (Bona et al., 1998; Thoresen et al., 2009; Fan et al., 2011 Fan et al., , 2013 Pimentel-Coelho et al., 2013; Smith et al., 2015) . Characteristics such as strength, swimming capabilities, quality of hindlimb placement, and fine movement coordination in the staircase are not sex dependent (Hill et al., 2011a; Peterson et al., 2015; Nie et al., 2016) . Motor impairments might affect the skill in executing a specific task and the ability to explore and interact with the environment and also contribute to cognitive impairments frequently observed in the clinical arena (Piek et al., 2008; Roggero et al., 2013) . Moreover, auditory, visual, and social impairments promote memory difficulties (Smith et al., 2014) . HI causes deficits in complex auditory tasks, with HI males displaying worsened abilities than injured females (Hill et al., 2011a,b; Smith et al., 2014) . Visual attention is generally better in males, but females seem to be more affected after the HI insult (Smith et al., 2014) .
Memory Deficits Have Task-Specific Dimorphism and Females Are Often More Affected
Memory is a dynamic and complex function that can be modified by intrinsic as much as by extrinsic factors, such as gender, age, previous experiences, or cerebral insults (Andreano and Cahill, 2009 ). Short-term behavioral assessment has been correlated with long-term functional outcomes in the cognitive domain (Lubics et al., 2005) , which is the most severely affected in human and animals after neonatal brain injuries (Volpe, 2009b) . Although females have some advantage in the sensorimotor tests, there is good evidence they are more impaired in cognitive tasks. HI females perform worse than males during the training period for spatial tasks, having higher latency to find the platform and greater swimming path lengths in the Morris water maze (Arteni et al., 2010; Tsuji et al., 2010; Hill et al., 2011a; Sanches et al., 2013b , Smith et al., 2014 Peterson et al., 2015) . However, other authors did not find sex differences (Pereira et al., 2008; Pimentel-Coelho et al., 2013; Uluc et al., 2013; Ashwal et al., 2014; Waddell et al., 2016) or else report poor performance in HI males in the water maze (Huang et al., 2015) .Conflicting results might arise from differences in experimental protocols and rodent strains; however, no clear explanation is available.
Time spent in the target quadrant in the probe trial is a good index of memory retention. In general, HI males spend more time on the platform area consistently with task acquisition during training (Sanches et al., 2013b; Waddell et al., 2016) . As for the training, there are studies reporting no sexual dimorphism of spatial memory function (Pereira et al., 2008; Arteni et al., 2010 , Pimentel-Coelho et al., 2013 Uluc et al., 2013; Peterson et al., 2015) .
Nonspatial memory appears to have greater variability among HI subjects, with no clear sex pattern (Pereira et al., 2008; Arteni et al., 2010; Smith et al., 2015) , because the literature reports more severe impairment both in females (Hill et al., 2011a) and in males (Sanches et al., 2013a; Smith et al., 2014) . A possible sexual dimorphism of episodic and aversive memory deficits has been less well studied. Results of object recognition tests indicate that all HI animals spend less time exploring a novel object than controls, although HI males tend to be more susceptible to episodic memory impairment (Pereira et al., 2008; Waddell et al., 2016) . In addition, inhibitory avoidance deficit is more pronounced in HI females, which show reduced latencies to step down during shortand long-term assessments, whereas only a transitory deficit is observed in HI males (Arteni et al., 2010; Sanches et al., 2013a Sanches et al., , 2015 .
Taken together, these studies suggest that memory function has sex-specific characteristics that can be impaired by neonatal brain injury. In addition, previous reports from our research group show that two other variables, brain lateralization and the age at which the insult is imposed, are important in determining the behavioral outcome after HI (Arteni et al., 2010; Sanches et al., 2013a Sanches et al., , 2015 
HI-Induced Anxiety Shows No Sex-Specific Response
Open-field studies of HI rats show conflicting results, with reports of increased locomotion in males (Arteni et al., 2010) and in females (Sanches et al., 2015) . Some indicators of anxiety such as the increase in time spent in the enclosed arms during the plus maze test are observed mainly in HI females (Arteni et al., 2010; Ashwal et al., 2014; Sanches et al., 2015) ; however, the reduction of time spent in the central area of the open field is shown by HI males . The lack of clear evidence of sex-specific exploratory and anxious behavior could be related to the small number of studies comparing both sexes and controlling animal age, HI protocols, and severity of brain damage.
Sex Differences in HI Brain Damage
The vulnerability of the developing brain to neonatal HI causes tissue loss in the ipsilateral side of carotid occlusion. Histological damage extends to cerebral cortex Mayoral et al., 2009; Hill et al., 2011a) , striatum (Zhu et al., 2005 (Zhu et al., , 2014 Arteni et al., 2010) , hippocampus (Pereira et al., 2007; Sanches et al., 2015; Waddell et al., 2016) , thalamus Zhu et al., 2005) , ventricles (Hill et al., 2011b , Smith et al., 2014 , cerebellum (Hill et al., 2011b) , white matter (Nijboer et al., 2007b; Sanches et al., 2013a; Uluc et al., 2013) , and the whole brain hemisphere (Nijboer et al., 2007b; Arteni et al., 2010; Tsuji et al., 2010; Sanches et al., 2013b) . The morphological impact after HI has been correlated with cognitive and motor deficits (Bona et al., 1997) and associated with brain lateralization, age, and sex (Arteni et al., 2010; Sanches et al., 2015) . Although some authors have reported no significant differences between males and females (Hilton et al., 2003; Hagberg et al., 2004; Pereira et al., 2007; Mayoral et al., 2009; Tsuji et al., 2010; Smith et al., 2014; Ashwal et al., 2014) , HI males seem to be more susceptible to tissue loss in structures such as the cerebral cortex and hippocampus, accompanied by ventriculomegaly (Zhu et al., 2005; Mayoral et al., 2009 , Hill et al., 2011b , and females appear to have a greater reduction of hemispheric volume (Sanches et al., 2013b) . Additionally, some studies suggest that HI females are more severely affected in striatum and white matter (Arteni et al., 2010; Sanches et al., 2013a,b; Uluc et al., 2013) , whereas others indicate that males are more severely affected (Zhu et al., 2005; Mayoral et al., 2009) . Overall, the extent of brain damage seems to follow the general pattern that males are more severely affected by neonatal HI even though females appear to have greater lesions in specific brain structures.
MECHANISMS OF BRAIN INJURY
It is known that male infants are more prone to preterm birth and frequently exhibit morbidities such as respiratory distress syndrome and intraventricular hemorrhage (Tioseco et al., 2006; Schildberger and Leitner, 2016) with poorer long-term neurologic outcome (Kent et al., 2011) . The same is also noted for birth asphyxia, because male infants have increased prevalence of hypoxia and worse outcomes compared with females with similar brain injury (Costeloe et al., 2000; Lauterbach et al., 2001; Kesler et al., 2004; Marlow et al., 2005; Raz et al., 2010) ; however, the exact molecular mechanism involved in such differences are not known.
General Mechanisms of Cell Death After Neonatal HI
The intensity and duration of the experimental HI insult define the extent of cell death. Initially, a transient ischemic period depletes oxygen and nutrient supply, inducing an anaerobic metabolism combined with acidosis that leads to rapid loss of high-energy phosphate levels; this, in turn, causes dysfunction of membrane ion pumps, resulting in significant influx of sodium and calcium, neuronal depolarization, cytotoxic edema, loss of membrane integrity with release of extracellular contents, and activation of the immune system with extensive inflammation (Choi, 1992; Martin et al., 1997 Martin et al., , 2000 Kroemer and Martin, 2005; Kaczmarek et al., 2013) . Altogether these events culminate in necrotic cell death during or immediately after the HI event, which is known as primary neuronal damage.
With the recovery of brain perfusion, bringing oxygen and glucose to basal levels at the end of the HI procedure, a second loss of high-energy phosphate levels takes place (Folbergrov a et al., 1992 (Folbergrov a et al., , 1995 , bringing a burst of reactive oxygen species (ROS) production (Hagberg et al., 1987; Lafemina et al., 2006 ) associated with downregulation of antioxidant enzymes (Andersen et al., 1996; Numagami et al., 1997; Blomgren and Hagberg, 2006; Guglielmotto et al., 2009 ); these events initiate the secondary neuronal damage. Both depletion of ATP and high levels of ROS are proved to inhibit the activity of Na 1 ,K 1 -ATPase, both in the adult (Wyse et al., 2000) and in the neonatal brain (Weis et al., 2011) .The subsequent neuronal membrane depolarization leads to excessive glutamate release and activation of NMDA, AMPA, and kainite receptors, coupled to calcium influx and nitric oxide (NO) release by nitric oxide synthase activity (McLean and Ferriero, 2004; Buonocore and Groenendaal, 2007) , resulting in mitochondrial dysfunction and cell death by apoptosis. Interestingly, mitochondria seem to be the key point of sexual dimorphism, because the HI brain injury produces different effects on mitochondrial function in male and female neonates that engage distinct cell death pathways.
Sex Differences in Mitochondrial Dysfunction and Subsequent Apoptosis
Male and female neonates present differences in basal metabolism and in expression and activity of mitochondrial enzymes (Dukhande et al., 2009; Crain et al., 2013; Brekke et al., 2015) , with females having higher overall activity of mitochondrial electron transport chain complexes than males (Weis et al., 2012) . Despite this, when subjected to brain HI, the inhibition of protein complexes activities from both male and female hippocampus and cerebral cortex lasted for as much as 18 hr after the event, with females proving to be more vulnerable to the injury (Weis et al., 2012) . This inhibition was accompanied by an early loss of mitochondrial mass and membrane potential 2 hr after HI in both sexes, with males recovering from that after 18 hr. Also, females present an increase in the activity of the antioxidant enzyme glutathione that is not observed in males (Demarest et al., 2016) .
The inhibition of mitochondrial respiratory chain activity favors the escape of electrons and the formation of reactive species, mainly superoxide anion (Adam-Vizi, 2005) . Free radicals are implicated in initiation of lipoperoxidation of cell membranes and damage to DNA and proteins (Kumar et al., 2008) . Intrinsic apoptotic stimuli, as DNA damage and endoplasmic reticulum stress, can result in mitochondrial outer membrane permeabilization by activation of the proapoptotic proteins BCL-2-associated X protein (BAX) or BCL-2 antagonist or killer (BAK; Tait and Green, 2010) . After membrane permeabilization, some mitochondrial proteins are released to cytoplasm and activate a cascade of signaling events. Evidence from various studies points to a cell death dependent mainly on caspase activation in females, whereas males present a cell death pathway mostly independent of caspase activation (Joly et al., 2004; Zhu et al., 2006; Renolleau et al., 2007a,b; Ahmad et al., 2008; Ahmed et al., 2008; Hagberg et al., 2014; Askalan et al., 2015) .
There is evidence that HI males may be more vulnerable to oxidative stress, with an important production of ROS and increased mitochondrial permeability on the outer membrane leading to greater release of mitochondrial proteins, the apoptosis-inducing factor (AIF), cytochrome c, EndoG, and Smac/Diablo. Concomitant to a transient cytochrome c release, the translocation of AIF from mitochondria to the nucleus is increased in both in vitro segregated XY cultured neurons (Du et al., 2004; Renolleau et al., 2007a; Sharma et al., 2011) and in vivo immature male brain after a cytotoxic challenge or HI insult (Zhu et al., 2003 (Zhu et al., , 2006 . Activation of poly(ADPribose)polymerase-1 (PARP-1), a nuclear enzyme responsible for the repair of DNA damage in response to a variety of cellular stressors (Chaitanya et al., 2010) , is thought to be required for AIF release to the nucleus, where it triggers DNA fragmentation and nuclear condensation, resulting in cell death. DNA damage amplifies the PARP-1 activity, resulting in high NAD 1 consumption and increased AIF translocation, thus creating a vicious and deadly circle (Chaitanya et al., 2010) .
The amount of cytochrome c release from mitochondria after the HI event is independent of sex; but the pattern of release is dimorphic. In response to injury, female brain neurons displayed a moderate and sustained cytochrome c release coupled to higher cleavage and activation of caspase-3 (Zhu et al., 2006; Renolleau et al., 2007b; Weis et al., 2014) , leading to apoptosis by cleavage of vital and structural proteins. Although activated caspase-3 translocates into the nucleus to cleave PARP-1 and cause caspase-dependent cell death, the interaction between PARP-1 and estrogen receptor-a (ER-a) may reduce such activation (Mabley et al., 2005) . In addition, the higher levels of phospho-ERK1 and Akt found in female cortical neuronal cultures compared with male cultures (Zhang et al., 2003) may preserve the stability of mitochondrial membrane and reduce the release of proapoptotic proteins (Renolleau et al., 2007a) .
Autophagy Activation in Males and Females
The autophagy process can be activated in response to distinct challenges, ranging from survival-promoting removal of pathogens through housekeeping degradation of damaged organelles and proteins to programmed cell death (Klionsky et al., 2012) . Different pathways of autophagy are activated in response to oxidative stress, including permeabilization of outer mitochondrial membrane resulting from loss of membrane potential (Goldman et al., 2010) . Ischemic insult increases autophagosome numbers and induces autophagic activity in neurons from neonatal and adult rodent cortex, hippocampus, and striatum after the HI injury (Zhu et al., 2005 (Zhu et al., , 2006 Adhami et al., 2006; Koike et al., 2008; Uchiyama et al., 2008; Ginet et al., 2009) . A recent study showed that HI produced an incomplete activation of autophagy in the female cortex, committing cells to die through apoptosis (Weis et al., 2014) ; in contrast, autophagy is successfully activated in the hippocampus from both males and females following HI (Weis et al., 2014) , which might be interpreted as a survival response (Balduini et al., 2009) .
Inflammation Process and the Secondary Damage in Males
Sexual dimorphism in HI brain damage is also seen in the inflammation process. Although initially considered to be resident macrophages in the central nervous system, microglial cells belong to a lineage distinct from that of the majority of macrophages, and their actions are not limited to the inflammatory process (Korzhevskii and Kirik, 2016) . They are also a specialized cell population with multiple roles in shaping and refining neuronal connectivity during development and in activity-dependent synaptic plasticity, neurogenesis, and learning in the fully mature central nervous system (Salter and Beggs, 2014) . These cells present significant sexual dimorphism in the neonatal period and play a pivotal role in the masculinization of the male brain (Lenz et al., 2013) ; and there is a peak of microglial density in cerebral cortex that coincides with the peak of synaptogenesis during development (Bessis et al., 2007) . Primary microglial cultures from female mice at P3 present higher mRNA levels for TNFa, IL-1b, IL-6, and IL-10 than those from males (Crain et al., 2013) ; however, male animals had increased microglial activation and upregulation of peripheral inflammatory response compared with females 3 days after HI (Mirza et al., 2015) . Activation of resident microglia, as well as mobilization and infiltration of circulating leukocytes, can elicit and even enhance the secondary neuronal damage seen after the HI insult Patel et al., 2013) . Nevertheless, microglial cells are the source of growth factors and can enhance neural repair through remodeling of the extracellular matrix and the assembly of a neurogenic niche during the recovery phase through mediators produced in both microglia and peripheral macrophages (Zhao et al., 2006; Faustino et al., 2011; Titomanlio et al., 2011; Fernandez-Lopez et al., 2016) . These apparently conflicting microglial actions might be due to differences in the neonatal models of cerebral ischemia, the severity of injury, the time window of observation, and the sexual dimorphism, among other factors.
SEX-DEPENDENT RESPONSES TO
TREATMENT There is clear evidence that factors accounting for the sex dimorphic behavioral, histological, and molecular responses to HI also generate different responses to experimental treatments. Two major classes of pharmacologic interventions showing sex-dependent responses, the use of sex hormones and the blockade of distinct cell death pathways, are briefly discussed.
Hormonal Treatments Affect Both Sexes Distinctly
Hormone effects on HI have often been ignored, possibly because the lesion occurs in the neonatal period, long before adulthood; however, both testosterone and estradiol influence the severity of the HI lesion. Testosterone circulating levels are distinct between the sexes already in P3 rats (Weisz and Ward, 1980) , and the worse prognosis for males after HI likely is due, at least in part, to higher hormone levels because the administration of testosterone propionate to HI P7 females increased the lesion size and impaired behavior, equaling their responses to the HI males (Hill et al., 2011a) .
Treatment with estradiol after HI was beneficial to both sexes in the developmental response of righting reflex but showed no effect on cognition and tissue damage extent assessed at adulthood . However, estradiol had detrimental effects on brain injury severity induced by the administration of a GABAergic agonist and was neuroprotective, in females only, when administered in a model of kainic acid-induced neonatal damage (Hilton et al., 2003) .Treatment with progesterone was able to reduce lesion size in males (Peterson et al., 2015) , but another study revealed greater HI-induced histological lesions to both sexes (Tsuji et al., 2012 ).
Estrogen's action might well explain the hormonal influences on cellular death because a recent study showed that mice submitted to HI had sex-dimorphic effects in ER-a mRNA levels; whereas females had increased mRNA ER-a levels, males presented a reduction. Interestingly, at the protein level, ER-a expression was increased in both sexes. The same study indicated that administration of an agonist of TrkB prevented apoptosis only in females that express ER-a (Cikla et al., 2016) . Treatment with the necroptosis inhibitor necrostatin-1 prevented mitochondrial disfunction in both sexes (Chavez-Valdez et al., 2012) but increased ER-a levels in HI males only, also providing a link between estrogen and cellular death (Chavez-Valdez et al., 2014) .
Cell Death Pathways Afford Sex-Dependent Neuroprotection
Different engagement of cell death pathways after HI has been widely reported, with caspase-dependent cell death preferentially activated in females (see above; for review see Hill and Fitch, 2012; Renolleau et al., 2013) . Treatment with 2-iminobiotin was able to prevent hippocampal damage and the increase of cytosolic cytochrome c and cleaved caspase-3 levels in females only; the same study also indicated an increase in cytosolic levels of AIF only in males, which was not altered by the treatment (Nijboer et al., 2007a) . Administration of the caspase inhibitor Q-VD-OPh also provided sex-specific neuroprotection, reducing the infarct volume in females only. The authors also reported a clear sexual dimorphism in the pattern of cytochrome c release to the cytosol and of caspase-3 cleavage (Renolleau et al., 2007b) . Despite the different pathways of cell death, the X-linked inhibitor of apoptosis protein (XIAP) may be implicated in the sexdependent response to HI as well. Genetically modified female mice overexpressing XIAP express it more than males with the same alteration, but both sexes were equally protected in this study (Wang et al., 2004) . In addition, XIAP inhibition enhanced behavioral deficits in females but caused no effect in males, reinforcing the hypothesis that this protein is partially responsible for the less severe brain damage observed in females after HI (Hill et al., 2011b) .
OTHER TYPES OF SEX DIMORPHIC
EFFECTS IN HI Temperature modulation seems to protect females preferentially (Bona et al., 1998; Smith et al., 2015) as well as hypothermia associated with N-acetylcisteine reduced histological damage in females only (Nie et al., 2016) . Post-HI rehabilitative training during adolescence also prevented histological damage and spatial memory deficits in females but not in males, as assessed in adulthood (Tsuji et al., 2010) . Interestingly, early enriched housing, a behavioral treatment started just after the HI event, was able to produce partial cognitive recovery only in females (Pereira et al., 2008) , and the administration of an inhibitor of histone deacetylase was also able to protect only females (Fleiss et al., 2012) . Sex-specific neuroprotection was also found with nitric oxide inhalation; the treatment improved the outcome in males only (Zhu et al., 2013) . In another study, isofluorane preconditioning increased neuronal survival after oxygen and glucose deprivation in both sexes, but this protection was modulated by estradiol only in females (Johnsen and Murphy, 2011) , which shows that the mechanism underlying protection might be different among animals of the two sexes. In addition, males suffering HI present greater vulnerability to perinatal nicotine exposure (Li et al., 2012) and greater susceptibility to the transgenerational effects of this injury (Infante et al., 2013) .
NOTE ON PRETERM EXPERIMENTAL HI
The relative disadvantage of males compared with females in the incidence of hypoxic-ischemic events in clinical studies and the higher neurodevelopmental impairment in experimental studies (Smith et al., 2014) are tentatively related to the mechanisms of injury and to the different cellular vulnerability between males and females (see above). Nonetheless, an important question arises: does the female advantage occurs at different phases of the CNS development on the rodent's model of HI, as observed in humans?
The ischemic injury in term neonates shows a pattern of gray matter damage, most commonly to the hippocampus, striatum, thalamus, and cortex, where the neuronal injury plays a central role (Volpe, 2009b) . In preterm neonates, the sequelae include loss of white matter and hypomyelination, decrease of cerebral gray matter without cortical or striatal neuronal cell death, and a significant loss of O4-positive preoligodendrocytes (Volpe, 2009a) . Correlations among neuroanatomy, cell development (neurogenesis, synaptogenesis, gliogenesis), maturation, and myelination, as well as molecular and biochemical activities, indicate that the rodent brain from P1 to P5 corresponds to 23-32 weeks of gestation in humans (considered as preterm), whereas the rodent brain at P7-P10 corresponds to 36-40 weeks of gestation in humans, thus proper for modeling brain injury of at-term babies (Vannucci. and Vannucci, 2005; Semple et al., 2013) .
Our research group has recently compared P3 and P7 HI rats, with sex as a controlled variable. It was observed that the injury have long lasting effects on cognition and brain tissue damage in P3 rats, especially in females (Sanches et al., 2015) ; conversely the HI lesion at P7, regardless of being more severe, did not result in clear evidence of sex-related differences. One possible explanation for these results comes from the fact that P3 animals are more prone to develop apoptotic cell death after HI, most commonly observed in females (Renolleau et al., 2007a) .
Recently, the role of the gestational age on HI model has been studied using advanced methods of neuroimaging, such as magnetic resonance imaging (MRI), magnetic resonance spectroscopy, and diffusion-weighted MRI. In vivo quantification of brain lesion and of metabolites abnormalities following HI and have shown the effects of age and sex at different time points after the injury (Sizonenko et al., 2005; Van De Looij et al., 2011; Brekke et al., 2015; Huang et al., 2015) . Huang and coworkers (2015) showed that after HI at P7 male rats have increased cognitive deficits and histological damage compared to females at adult age. Also, this female advantage correlated with the short-and long-term MRI differences observed between sexes. Interestingly, van de Looij and coworkers (2011) showed no sex-related metabolic changes between sexes at P3 at an early stage after injury; however, the injury was smaller in females at P25. This suggests that, even with similar levels of injury, both sexes react differently to the lesion. Morken and coworkers (2014) observed that male pups had lower astrocytic mitochondrial metabolism than females immediately after HI at P7, but they returned to basal levels earlier when compared to the females. The fact that mechanisms of injury might differ between term and preterm HI rodents suggests that organelle functions depend on the sex of animals through the development.
CONCLUSIONS
This Mini-Review has covered recent evidence that experimental neonatal HI triggers cell death pathways and causes brain lesions with behavioral and cognitive consequences that present sexual dimorphism. Briefly, 1) females have greater memory deficits; 2) cell death is mainly dependent on caspase activation in females; 3) males are more susceptible to oxidative stress; and 4) treatments acting on distinct cell death pathways afford sex-dependent neuroprotection. There must be caution in translating such tentative conclusions to the clinical practice; however they reinforce the need for the search of main controllers of brain sex differences (Jazin and Cahill, 2010) and the consequent definition of sexspecific treatments for neonatal HI.
Surprisingly, despite such clear evidence and the ARRIVE (Animals in Research: Reporting In Vivo Experiments) guidelines (Kilkenny et al., 2010) , many HI studies still do not report the sex of animals used. Recently, Florez-Vargas and colleagues (2016) analyzed over 15,000 mice studies published in 2014 from all experimental biology fields and revealed that only 47% of them reported both sex and age of the animals, and that 34% of the analyzed articles did not report the sex of animals. Rigorous controls for sexual dimorphism should be encourage, otherwise important knowledge will continue to be missed. It is conceivable that sex might influence the development of efficacious therapeutic tools to treat neonates suffering from brain HI.
